G astric dilatation-volvulus is a life-threatening condition that occurs at high frequency in many large and giant breeds of dogs, particularly those with deep, narrow thoracic cavities. [1] [2] [3] [4] The lifetime risk of GDV exceeds 5% for all large-breed dogs combined 5 and rises to 37% in Great Danes specifically. 6 The disease involves accumulation of gas in the stomach (dilatation) and torsion of the stomach on its axis (volvulus), which blocks the escape of gas. In combination, these events result in rapid expansion of the stomach, causing severe compression of vital gastric, cardiac, and other blood vessels. 
elevation of the food dish 5 have been reported, but the importance of these factors is unclear. Behavioral factors such as vigorous exercise shortly after a meal 13 or stress 12, 19 have also been linked to GDV, but these factors are difficult to quantify. Temperament or stress appears in multiple reports as associated with GDV. Dogs described as nervous or stressed are reportedly more likely to have gastric bloat than are dogs described as happy or calm. 1, 5, 8, 12, [19] [20] [21] Studies have either established 22 or excluded 17 prior splenectomy as a predisposing factor.
The most important risk factors for GDV may be genetic, considering that strong associations with GDV exist for dog breeds, 3 families, 15, 16, 20 and sex. 17 To date, no specific genes have been identified as associated with this disease. A major component of the genetic link to GDV could involve the shape and size of the thorax, given that large dogs with a deep narrow thoracic cavity appear to be predisposed. 1, 2, 4, 16, 20 It could be argued that this specific morphology might predispose dogs to volvulus on strictly structural grounds, 16 although this argument becomes less compelling for intrabreed and intrafamilial comparisons. Another possible genetic influence on GDV could involve dysfunction of gastrointestinal motility and its hormonal regulation, although whether altered motility is a cause or a result of GDV is unclear. 23 We consider an alternative hypothesis for a genetic link to GDV: that variations in the genes of the immune system may predispose dogs to this condition, possibly through modulation of the gastrointestinal microbiome, autoimmune mechanisms, or both. This hypothesis is derived from 3 types of evidence: that GDV may be associated with IBD in dogs, that IBD is associated with dysbiosis of the gastrointestinal microbiome, and that specific variants of certain immune genes play an important role in both microbiome dysbiosis and the etiology of IBD.
In a retrospective study 14 of 23 dogs treated for GDV and from which intestinal biopsy specimens were collected during corrective surgery, at least 60% of dogs also had detectable IBD. Although the sample size in that study was small, the findings suggest that IBD might be a predisposing condition for GDV or that the 2 conditions may originate from a common etiologic pathway. Indeed, a study 24 of risk factors for IBD in dogs revealed many of the same large, deepchested dogs at highest risk for GDV. 24 Over the last 2 decades, the gastrointestinal microbiome has emerged as a major player in the health of humans and other animals. All mammals, including humans and dogs, host a similar community of microorganisms in their gastrointestinal tract, and this community is known as the gut microbiome. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] This highly diverse, complex community includes hundreds of genera and thousands of bacterial species. 27, 31 Hosts and their microbiomes have evolved together to form a dynamic interdependent ecosystem in which each requires the other for optimal health. The diet, genetics, and health of the host impact the makeup of the gut microbiome, either encouraging or inhibiting growth of different bacterial species. 28, 30, [35] [36] [37] [38] [39] [40] [41] Conversely, the microbiome impacts the host in various ways, including competition for nutrients, contribution to digestion by metabolizing dietary materials that the host cannot metabolize, production of metabolites with beneficial or toxic effects to the host, and inhibition of colonization by pathogenic species. 38, 39, 42, 43 In humans, perturbations of the gut microbiome have been linked to many gastrointestinal diseases, including colon cancer 44 and IBD. [45] [46] [47] Similarly, in dogs, dysbiosis of the gut microbiome is associated with IBD. [48] [49] [50] The IBD-associated changes observed in the gut microbiomes of both humans 51 and dogs 33, 52 are remarkably similar.
Two classes of genes play important roles in regulating the gut microbiome by targeting certain microorganisms for immune destruction: antigen-presenting genes of the MHC and innate immunity genes. These genes and the gut microbiome have codeveloped a complex dynamic of selective tolerance that facilitates survival of beneficial bacterial species while defending against pathogenic species. 53, 54 Mutations and certain polymorphisms in these genes can have negative impacts on health, through failure to detect some pathogens (immunity gaps), failure to tolerate beneficial microorganisms, or elicitation of an inappropriate response against host tissues and cells (autoimmune response). 55 These genes can also impact health indirectly by their effect on the gut microbiome.
Mutations or specific combinations of alleles of the aforementioned genes result in changes in the gut microbiome, and these changes can lead to specific gastrointestinal-related diseases. 28 For example, mutations in the human genes NOD2 [56] [57] [58] [59] and TLR4 60 have been associated with IBD, particularly with Crohn disease, in humans. In dogs, mutations in the genes TLR4 and TLR5 [61] [62] [63] as well as in NOD2 [64] [65] [66] have been implicated in IBD. Similarly, mutations of the autophagy-related 16-like 1 gene (ATG16L1), which plays a role in clearance of pathogenic bacteria targeted by intracellular sensor NOD2, 67 are also associated with IBD in humans. [68] [69] [70] Among the MHC genes, a specific human allele of the class IB locus, HLA*B27, is associated with various human diseases, including IBD. 46 Although the effect of HLA*B27 on IBD may involve an autoimmune activity against gastrointestinal tissues, this allele also alters the gut microbiome, and this change also appears to play a role in the disease. 47, 71 The purpose of the study reported here was to explore the genetic component of our hypothesis that variations in the genes of the immune system predispose dogs to GDV. Specifically, we sought to characterize the innate immunity genes NOD2 and TLR5, the autophagy gene Atg16L1, and the most variant MHC genes DLA88 and DRB1 in groups of Great Danes with or without a history of GDV. We hypothesized that specific alleles of these genes would be more common in Great Danes with GDV than in healthy Great Danes. Such alleles may be useful as genetic markers for screening of Great Danes for a predisposition to GDV.
Materials and Methods

Ethics statement
All procedures, authorization forms, information packets, and questionnaires used in this study were submitted to and approved by the Institutional Animal Care and Use Committee at Fred Hutchinson Cancer Research Center (protocol No. 50836). Owner consent was obtained for all participating dogs.
Animals
Great Danes were identified for inclusion in the study through an email network of breeders and owners. All interested owners were sent a questionnaire regarding their dog's age, sex, diet, temperament, coat color, exercise level, medical history, and family history of GDV. Two groups of Great Danes were established on the basis of whether GDV was identified in their history. Dogs chosen for the GDV group had at least 1 episode of GDV that required emergency intervention by a veterinarian. Dogs chosen for the control group had never had severe gastric dilatation or torsion, nor did they have a history of any other major gastrointestinalrelated problems. All dogs that had received prophylactic gastropexy were eliminated from the study. No attempt was made to restrict participation on the basis of sex, diet, exercise level, coat color, or age.
To qualify for inclusion, all dogs were required to have complete questionnaire data and confirmation of specific group criteria. Owners were also required to be willing to collect (or have collected by their veterinarian) and send blood and buccal swab samples to the investigators.
Sample collection
Owners of enrolled dogs were provided an EDTA blood tube a preloaded with 0.5 mL of a DNA stabilizer b or a buccal swab c and asked to either have their veterinarian collect a blood sample into the tube or swab the buccal surface of their dog's mouth themselves with the provided swab. For blood sample collection, 1 to 2 mL was obtained by the veterinarian, injected into the provided tube, and stored at room temperature (varied) until shipment. Alternatively, owners swabbed their dog's cheeks with the provided swab, then stored it in a sealed container in a freezer until shipment. All samples were returned cold by overnight express mail to the investigators' laboratory.
DNA processing
Genomic DNA was purified from blood or buccal swab samples on silica-coated magnetic beads d in accordance with the bead manufacturer's instructions. For buccal swab samples, the reagent volumes were doubled to ensure complete immersion of the swab during lysis. The DNA was eluted in 200 µL of 10mM Tris (pH, 7.9) and quantified by UV absorption. e Final concentrations ranged from 10 to 100 ng/µL and were used, unadjusted, as template for amplification.
Target amplification
Specific target regions of candidate genes associated with GDV were amplified by means of PCR assay. f The 30-µL PCR reactions contained 20 to 100 ng of genomic DNA and primers at 200nM each in a commercial polymerase mix. g Specific primers and conditions for each target were reported separately for each gene. All primers used for amplification and sequencing were summarized (Appendix), and their positions within the target gene were illustrated (Supplementary Figure S1 , available at http://avmajournals.avma.org/doi/suppl/10.2460/ ajvr.78.8.934).
Genomic target sequences were derived from the Boxer genome made available through an online genome search tool. h The target exons were identified by a search of the Boxer genome with appropriate mRNA sequences listed in the National Institutes of Health genetic sequence database (GenBank) i and identified by accession number as follows: DLA88, exons 2 and 3 (AF100610, AF101487); DRB1, exon 2 (DQ056276); TLR5, exon 1 (NM_001197176); NOD2, exon 3 (NM_001287039); and ATG16L1, exon 8 (XM_005635866). The amplified target sequences were separated by electrophoresis on 1% (DLA88) or 2% (all other targets) agarose gels, the predicted DNA bands were excised and purified on gel extraction columns, j and DNA was eluted in 50 µL of 10mM, Tris (pH, 7.9).
DLA88-Amplification of the polymorphic region of DLA88 (exons 2 and 3) was performed essentially as described elsewhere, 72 with minor modifications to primer length and PCR conditions. Typically, primers 2 and 6 (200nM each; Appendix; Supplementary Figure S1 ) were used to amplify a 1.1-kilobase region containing exons 2 and 3. Cycling conditions included 2 holds at 95°C for 5 minutes, then 72°C for 15 seconds, followed by 35 cycles at 95°C for 15 seconds, 66°C for 30 seconds, and 72°C for 1 minute, and a final hold at 72°C for 2 minutes. When primers 2 and 6 failed to yield product, alternative primers were used to avoid suspected mutations in the primer-binding regions of the template. If none of the primer sets amplified a product, a larger interfering mutation was assumed and the gene was designated CA for cannot amplify.
DRB1-Amplification of the polymorphic region of DRB1 (exon 2) was performed essentially as described. 73 Primers 9 and 10 were used routinely, and alternative primers 8 and 11 were used in difficult situations (Appendix; Supplementary Figure S1 ). Cycling conditions included a hold at 95°C for 5 minutes, followed by 35 cycles at 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds, and a final hold at 72°C for 1 minute.
TLR5-The 5′ region of TLR5, containing the positions of the 2 most important nonsynonymous SNPs linked to IBD in dogs, G22A and C100T 61, 63 (Supplementary Figure S1 ), were amplified in a single fragment by use of primers 14 and 15 (Appendix).The following cycling conditions were used: hold for 5 minutes at 95°C, 38 cycles of 95°C for 20 seconds and 68°C for 1 minute, and a final hold at 68°C for 2 minutes.
NOD2-In
German Shepherd Dogs, 4 cosegregated nonsynonymous SNPs in exon 3 of NOD2 are associated with IBD. 66 Similarly, an R675W mutation in humans 74 and a T1949C (F-S) mutation in pigs, 75 which are also linked to IBD, occur in this same region (Supplementary Figure S1) . A 730-bp region from exon 3 of the NOD2 gene, containing all of these SNP locations, was amplified separately by use of primers 12 and 13 (Appendix) and the same cycling conditions as for TLR5. 
Atg16L1-Exon
Sequence analysis
Each gel-purified PCR product was sequenced directly to observe ambiguous bases at heterozygous positions. Fluorescent dideoxynucleotide chain termination reactions were performed on a thermocycler f by use of a commercially available reagent kit k and 2 to 4 µL of gel-purified PCR product. Reaction products were separated and analyzed by capillary electrophoresis. l Each product was sequenced in both directions by use of the amplification primers, and heterozygous base positions were recorded only when observed in both directions. For longer DLA88 templates, internal primers were also used (Appendix; Supplementary Figure S1 ). In situations in which the 2 alleles were not clearly identifiable by direct sequencing, the PCR products were cloned, m and at least 8 clones were sequenced for confirmation of specific alleles.
Sequences were compared by use of a bioinformatics search tool n to our in-house database of DLA alleles accumulated from online sources. i,o Nonmatching alleles were assigned a temporary designation by use of the closest matching allele followed by the symbol ∆. 
Statistical analysis
The primary goal was to identify whether any specific alleles modified a dog's risk of GDV. Summary statistics were computed to characterize the included dogs. Initial screening for association of specific alleles with GDV was performed by χ 2 analysis considering 2 possible variations, allele X or not allele X, without consideration of the number of possible alleles or the confounding effects of other variables such as age, sex, temperament, or exercise level. Values of P < 0.05 combined with ORs > 2 or < 0.5 were considered significant.
To adjust for the strong relationship between attained age and risk of GDV, Cox proportional hazards regression models with GDV as the outcome (dependent) variable were fit to determine HRs and associated 95% CIs for allele and dog data, with age used as the time scale. 76 Time began at age 0 and was truncated at the age at which GDV was diagnosed or age at questionnaire completion (censored). The HR can be interpreted as the ratio of the likelihood of developing GDV between dogs of the same age with versus without the characteristic (ie, allele) of interest. A key model assumption, which was tested, was that the hazard remained constant across age, so that it represented a summary measure of relative risk, carefully accounting for absolute risk differences across age. Because dogs sometimes originated from the same family, correlation among members of the same family was accounted for by use of a robust sandwich estimator. 77 Each dog was coded as having none, 1, or 2 of each allele to evaluate any possible dose-response effect of alleles on risk of GDV. In addition, this variable was collapsed to form an indicator variable for any presence of a specific allele.
Univariate associations with GDV were evaluated for each candidate allele and dog characteristic (sex, activity level, and temperament). Each allele was also evaluated in a multivariable model adjusted for significant dog characteristics. All tests were 2-tailed. Given that 42 alleles were examined, we considered adjusting P values for multiple comparisons, but use of such an adjustment (0.05/42 = 0.001) would have been overly conservative because of the nature of correlations between alleles. Therefore, unadjusted P values were reported, but we advise caution in interpreting results for which the P values were between 0.05 and 0.01.
Results
Animals
Owners of 178 Great Danes volunteered to enroll their dogs in the study. Of these dogs, 81 met the full criteria for inclusion and were enrolled, including 39 dogs in the GDV group and 42 dogs in the control group. All dogs in the GDV group had a history of at least 1 GDV episode that involved torsion and required immediate veterinary intervention. None of the dogs in the control group had a history of GDV or preventative gastropexy surgery, as reported by owners.
Data on individual dogs (Supplementary Table  S1 , available at http://avmajournals.avma.org/doi/ suppl/10.2460/ajvr.78.8.934) were summarized for each group (Table 1 ). All dogs were at least 1 year of age. Enrolled dogs included 9 family sets that contributed > 1 dog to the study; 6 of these family sets contributed 2 dogs, and 1 family set each contributed 3, 6, and 8 dogs. Cases of GDV did not appear to cluster within the families. Each family represented in the study by > 2 dogs contributed to both the control and GDV groups, and the potential nonindependence imposed by these relationships was accounted for in the statistical analysis.
At the time of questionnaire completion, the mean age of dogs in the GDV group (6.4 years) differed significantly from that of dogs in the control group (4.6 years). However, the mean age of dogs in the GDV group at the time of the first GDV episode (4.6 years) was comparable to the mean age of dogs in the control group. Figure S1 ) was amplified, sequenced, and compared with the database of known canine alleles. Among the 81 dogs included in the study, 23 distinct alleles were identified (Table 2 ). These included 16 previously reported alleles and 7 novel variants (Supplementary Figure S3) . Five of the novel variants were similar to established alleles (designated in the report with the symbol ∆). Two new variants, designated herein as X and Y, differed by several SNPs from any reported DLA88 alleles. The target DLA88 region of 3 dogs was not detected after several attempts with several primer sets, presumably because of considerable disruption of the sequence in this region. In these situations, the allele was designated as CA (cannot amplify). This was not because of poor DNA quality given that, in all situations, other genes were successfully amplified from the same DNA. The CA allele was included in the analysis on the grounds that it may represent a specific or null allele of DLA88. Figure S1 ) was amplified, sequenced, and compared with the database of known canine alleles. Ten distinct alleles were identified (Table 3) , all of which have been previously reported. Variants from 2 dogs were listed as CA because no PCR product was detected after repeated attempts with multiple primer sets. Supplementary Figure S1 ) containing the amino-terminal 40 codons of the protein as well as a significant IBD-associated SNP site in German Shepherd Dogs 61,63 was amplified and sequenced. Four DNA variants were identified among the study dogs, and these encoded just 2 distinct variants at the amino acid level ( Table 4 ; Supplementary Figure S3 ). Variant A corresponded to the canonical form of TLR5 and represented 84% of the alleles observed. Variant B, which contained a T8A substitution, corresponded to the IBD-associated SNP described by Kathrani et al. 61, 63 These variants were referred to henceforth as alleles TLR5*A and TLR5*B, respectively.
Genetic variation
DLA88-The
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TLR5-A 5′ region of TLR5 (
NOD2-A region of exon 3 in NOD2 (Supplementary Figure S1 ) was amplified, containing the positions of 4 SNPs associated with IBD in German Shepherd Dogs 66 as well as positions homologous to a human SNP associated with Crohn disease 74 and a porcine loss-of-function mutation. 75 All 4 canine SNPs were observed, generating 3 nonsynonymous variants within the study group (Table 4 ; Supplementary Figure S4 ). (Supplementary Figure S1 ), containing the homologous position of a single human T300A SNP associated with IBD, [68] [69] [70] was amplified and sequenced. This region did not vary among the Great Danes tested, and all dogs were homozygous for the T300 form. Although a role for ATG16L1 in GDV could not be ruled out, the target SNP did not appear to be important. Therefore, Atg16L1 was not analyzed further.
Atg16L1-Exon 8 of Atg16L1
Unadjusted associations of genetic and nongenetic variants with GDV
Univariate analysis of simple associations of genetic and nongenetic variants with GDV in Great Danes revealed 3 genetic variants with potential associations: DLA88*5101 (OR,4.74; P = 0.004; 95% CI, 1.62 to 13.84), DRB1*1201 (OR, 2.83; P = 0.02; 95% CI, 1.19 to 6.75), and TLR5*B (OR, 3.10; P = 0.007; 95% CI, 1.37 to 7.00; Table 5 ). Two DRB1 alleles, 101 and 601, had a slightly protective association (OR values of 0.68 and 0.43, respectively) but did not meet the criteria for significance (P < 0.05 and OR < 0.50). None of the NOD2 alleles were associated with GDV. Stratification of the analysis by dog family had no effect on these findings. When unrelated dogs, or the combined families of related dogs, were analyzed separately, the results were the same: all 3 GDV-associated alleles retained an OR ≥ 2 (data not shown).
Similar analysis of nongenetic data acquired from questionnaires revealed no significant association between GDV and familial incidence of GDV or dog sex, activity level, or coat color (data not shown). However, temperament and age varied between GDV and control groups. When owners were asked if they considered their dog's temperament to be nervous, typical for the breed, or calm, nervousness was highly associated with GDV (OR, 5.14; P = 0.002; 95% CI, 1.80 to 14.71; Table 5 ). 
GDV
Age-adjusted association of genetic and nongenetic variants with GDV
A near-linear accumulation of first GDV episodes with age was identified in Great Danes with GDV, indicating a fairly constant probability of a first event at any given age (Figure 1) . Therefore, age at questionnaire completion may have been an important contributor to the probability that a predisposed dog would have had a GDV episode. To control for this possibility, Cox proportional hazards analysis was performed, with dog age used as the time scale, thereby ensuring that comparisons were made between same-age dogs. This model was also designed to account for family relationships that existed among some of the dogs.
After the aforementioned adjustments, 3 of the 4 risk factors identified in the unadjusted analysis (nervous temperament, DRB1*1201, and TLR5*B) retained significant association with GDV (P < 0.05; HR > 2.0; Table 6 ), although the P value for DRB1*1201 exceeded 0.01 (a more conservative approach to significance testing).
On the other hand, DLA88*1501 lost significance as a risk factor in this analysis. This particular allele was identified in dogs of both groups that were older than their cohorts by a mean of 0.7 years (GDV group) or 0.5 years (control group). Alleles DRB1*00101 and DRB1*00601 both retained their protective association with GDV after age adjustment, although the P value for DRB1*601 exceeded 0.01.
Two alleles acquired significance in hazard models after age adjustment: DLA88*50901 had a protective association with GDV (HR, 0.39; P = 0.003), and DRB1*1502 was associated with an increased risk of GDV (HR, 4.40; P = 0.03). However, because few dogs had either of these alleles, the importance of this finding remains to be verified with larger numbers and should be interpreted with caution.
A dose-response effect of these alleles was also examined when numbers were sufficiently large ( Table  7) . The only variant with such an effect was the protective DRB1*101 allele, by which the HR decreased from 0.61 for heterozygotes to 0.24 for homozygotes. For DRB1*1201, the HR decreased somewhat for homozygotes versus heterozygotes, but values were not significant. Homozygous status for TLR5*B was not observed. Age adjustment resulted in a significant association of NOD2*C with GDV for homozygotes; however, because only 2 dogs with GDV had this allele, this association should be interpreted cautiously.
Temperament-adjusted association of genetic variants with GDV
To determine whether the significant differences identified through univariate modeling were confounded by other factors, multivariable models were also fit to evaluate adjusted associations for alleles. First, nonallele variables associated with GDV were identified, and in a multivariable model including all available variables, only temperament had a significant association, with nervous dogs having almost 3 times the risk of developing GDV as dogs with a more typical temperament for the breed (HR, 2.70; P = 0.002; 95% CI, 1.43 to 5.08; Table 8 ).
We proceeded to fit adjusted multivariable models for each allele, adjusting for temperament (Table  9) . For all models shown, the association of temperament with GDV was similar to that previously identified (HRs ranged from 2.1 to 3.2) and remained significant. For brevity, only the allele effects are shown, each adjusted for temperament. Only alleles with In prevalence calculations, homozygous alleles were counted twice. Values of P < 0.05 were considered significant. †Frequency = Percentage of dogs in group with indicated variant. ‡The P values were determined on the basis of a 2-variant assumption (allele X or not allele X).
Figure 1-Accumulative incidence of first GDV episode with age in 39 Great Danes. A steady increase is apparent in the incidence of GDV with age, and there is no evidence for any age-specific risk. marginal (P < 0.10) or significant associations are reported, although others were tested.
Three DLA88 alleles were significantly associated with GDV. Allele 5101 reappeared as increasing the risk of GDV when present in 2 copies, and 50901 had a marginal (P = 0.08) protective effect but was identified in only 3 dogs. Allele 4301∆ appeared de novo as significantly protective against GDV.
Three DRB1 alleles had significant associations with GDV: 01201 and 1502 increased the risk of GDV, whereas 101 had a protective effect. The newly emerged risk association of allele 1502, not identified in the unadjusted or univariate models, appeared to be strong in this model (HR, 6.73; P = 0.004). However, this estimate was based on small, evenly distributed observations (3 dogs/group) and should therefore be considered tenuous. As in both previous models, the TLR5*B variant continued to have a significant (P = 0.005) association with GDV after adjustment for temperament (HR, 2.43).
Discussion
The hypothesis tested in the present study was that canine innate immunity and MHC genes might play a role in predisposing Great Danes to GDV. Findings indicated that specific variants of DLA88, DRB1, and TLR5 were associated with an increased risk of this condition. These alleles are heretofore referred to as risk alleles, although passive genetic linkage to the responsible genes could not be ruled out. Two candidate risk alleles, DRB1*1201 and TLR5*B, that were identified in the unadjusted models remained as significant risk alleles after adjustments for dog age and temperament. Both retained HRs > 2.0 and P values < 0.05 through all 3 test strategies, indicating an association of these alleles with GDV that was independent of age and temperament. A third candidate risk allele, DLA88*5101, lost significance in the ageadjusted model but reappeared as a risk allele after adjustment for temperament, suggesting a more complex relationship between this gene and GDV.
These 3 alleles (DRB1*1201, TLR5*B, and DLA88*5101) were fairly abundant in the Great Danes of the present study, particularly those with GDV, accounting for 24%, 34%, and 24%, respectively, of the alleles observed at their gene locus within the GDV group. In fact, 77% of dogs in the GDV group had at least 1 of these alleles, compared with 36% of dogs in the control group. The frequencies of these alleles were sufficiently high to posit that they could contribute to a considerable percentage of GDV episodes in Great Danes.
Several relatively uncommon alleles had no significant association with GDV in the initial univariate analyses but were associated with an increased risk (DRB1*1502 and NOD2*C) or protective relationship (DLA88-50901) after age and temperament Table 6 for remainder of key. adjustments. None of these alleles constituted > 10% of the total alleles observed in either group. The associations of these alleles with GDV must be viewed with some skepticism because of the small numbers of observations of each allele in the study groups and the statistical adjustments that restricted the sizes of the groups compared in each model. Furthermore, uncommon alleles could only have a marginal effect on a population that has 37% lifetime risk of GDV. If consideration were restricted to those alleles that occurred at frequencies > 10% in dogs with GDV, and with significant associations in at least 2 of the 3 analysis models described here, 3 genetic risk factors with potential for high impact would remain: DLA88*5101, DRB1*1201, and TLR5*B.
When considered independently, each of the identified risk alleles was associated with an approximately 2-fold greater risk of GDV in Great Danes. When considered as a group, these 3 risk alleles were associated with a 3-fold increased risk of GDV. The proportion of dogs with ≥ 1 GDV episode increased from 20% for dogs with no risk alleles to 62% for dogs with ≥ 1 risk allele. Little evidence was found for a significant dose-response effect of these risk alleles, whether for a given gene or among the 3 genes. These genetic associations do not suggest that these genes play a direct role in GDV. However, the finding that 3 immune-related genes were associated with the disease supports an immune component to GDV. Regardless of the specific roles that these risk genes may play in GDV, the genes may be useful for genetic screening of Great Danes for a predisposition to the disease.
The statistical power of the study reported here was limited by the size and structure of the enrolled groups. By limiting the study to Great Danes, no direct conclusions could be drawn regarding other breeds. The less prevalent risk alleles would require larger study groups to determine their impact, if any, on GDV. Furthermore, this cross-sectional study involved only dogs that survived to the time of study conclusion, and indeed, for dogs in the GDV group, only those that survived their GDV episode. As such, it is possible that dogs with the most severe cases of GDV were not included.
Inflammatory bowel disease and GDV may be associated in dogs, and findings of the present study confirmed that at least 2 genes were associated with both disorders. One reason for focusing on immune-related genes was the report 14 of co-occurrence of GDV with IBD, a disease with an etiology that clearly involves dysregulation of the immune system. Specific alleles or haplotypes of the DLA genes have been associated with several disorders in dogs, including exocrine pancreatic insufficiency, 72, 78 hypoadrenocorticism, 79 diabetes mellitus, 73 polymyositis, 80 lymphocytic thyroiditis, 78 symmetrical lupoid onychodystrophy, 81 chronic superficial keratitis, 82 anal furunculosis, 83 and systemic lupus erythematosusrelated disease complex. 84 Similarly, mutations in TLR5 have been associated specifically with IBD in both dogs 63 and humans. 60 Furthermore, in the present study the same TLR5 allele linked to IBD in dogs was also linked to GDV. Humans with the MHC class I allele, B27, 46 or the class II allele, HLA-DRB*01:03, 85 are predisposed to IBD. Although similar associations of MHC genes with IBD in dogs have not yet been established, our findings indicated that a class I MHC antigen, DLA88*5101, and a class II antigen, DRB1*1201, were associated with GDV. These relationships support the argument that IBD and GDV are related in dogs and that the 2 diseases may have common genetic roots.
Great Danes were used in the present study to leverage the high incidence of GDV in this breed and to reduce the additional variables inherent to a multibreed study. Therefore, it remains unclear whether risk alleles identified for Great Danes would also apply to other breeds. Whereas it would be useful, in this regard, to compare the relative frequencies of these risk alleles with GDV incidence in other breeds, such information is still incomplete. From findings of the present study, the overall frequency of risk alleles in Great Danes can be calculated as 31% for DRB1*1201, 21% for DLA88*5101, and 23% for TLR5*B on the basis of the frequency in the GDV and All alleles were tested, but only those with marginal (P < 0.10) or significant (P < 0.05) associations are shown.
-= Not applicable.
See Tables 1 and 6 for remainder of key. control groups and the published frequency of GDV in Great Danes (37% 6 ). In contrast, ongoing DLA typing across multiple breeds by our research group has yielded much lower frequencies of 7% for DRB1*1202 and 4% for DLA88*5101 among approximately 1,000 tested dogs (unpublished data). We have also analyzed the DLA typing data regarding > 1,000 Beagles and Beaglemix dogs evaluated at the Fred Hutchinson Cancer Research Center. The prevalence of DRB1*1201 in 1,003 tested dogs was 1.3%, and that of DLA88*5101 among 338 tested dogs was 0%, with both values far less than in Great Danes. This is consistent with the low incidence of GDV in Beagles. 3 As reported by other investigators, 15 the incidence of GDV in a mixed dog population (approx 3.7%) was less than a tenth that in Great Danes. Thus, the high incidence of GDV in Great Danes generally corresponds with a higher than average incidence of the DLA risk alleles.
Assessment of this relationship in specific breeds is challenged by the lack of statistically robust breedspecific information on both allele frequency and GDV incidence. However, it is clear that the relationship does not hold for at least 1 breed (ie, Golden Retriever). Golden Retrievers have a high frequency of DRB1*1201 (25% 86 ) and DLA88*5101 (47% 87 ), yet this breed is considered at low risk for GDV. 3 Therefore, the risk effect of the DLA alleles reported here may depend on a genetic context that varies among breeds. No breed-specific data for TLR5 are available that are germane to this possibility. It will be important to examine these genetic markers in several breeds before making any generalizations as to their linkage or role in GDV.
In the study reported here, focus was placed on MHC and innate immunity genes because of a working hypothesis that these genes might influence the gastrointestinal tract through regulation of the microbiome. It remains to be determined whether the risk of GDV associated with these genes corresponds with changes in the microbiome, as per our hypothesis, or through some other mechanism.
